Acoustic intensity measurements of the F-22A Raptor are analyzed as part of ongoing efforts to characterize the noise radiation from military jet aircraft. Data were recorded from an array of microphones and an attached tetrahedral intensity probe at various locations to the sideline and aft of the aircraft. Recently, techniques such as coherence, similarity spectra analyses, and near-field acoustical holography have indicated a peak-frequency region comprised of two maxima (not accounted for by current jet noise models) that have very different radiation directionalities. Acoustic vector intensity is analyzed as a function of frequency to further assess the behavior of this double-peak phenomenon. In addition, a simulation using an equivalent source model with two mutually incoherent, directional line arrays yields numerical intensity results that exhibit the same trends as the measured intensity. The results provide further evidence that high-performance military jet noise contains a double spectral peak in the maximum radiation direction that is not present in laboratory-scale jets. [Work supported by ONR].
INTRODUCTION
Acoustic intensity measurements of the F-22A Raptor have been analyzed as part of ongoing efforts to characterize the noise radiating from military jet aircraft. In addition, array-based methods using measurements outside of the jet plume have been used to study important acoustic quantities. Techniques such as beamforming, 1 near-field acoustical holography, 2, 3, 4 coherence analysis methods, etc. have previously been applied to predict the frequency-dependent nature of sound radiation and source location within the plume.
Intensity, a direct measure of energy flow in a sound field, has not seen much application to jet noise analysis. However, measurement of the vector intensity can provide a map of the frequency-specific sound radiation from turbulent flows. For example, Jaeger and Allen 5 used a two-dimensional intensity probe to characterize source location within jet plumes of Mach numbers 0.2-0.6, one of the most in-depth applications to aeroacoustics. Recently, three-dimensional intensity probes have been used to measure the sound field of a solid rocket motor plume. 6, 7, 8 The same probe design was also used to make nearfield acoustic intensity measurements of the F-22A Raptor. The intensity probe was attached to the top of a 90-microphone rectangular array of microphones, which was moved to multiple locations to the sideline and aft of the aircraft. Figure 2 describes the physical layout of the measurements. The F-22 was tethered to the center of a concrete run-up pad, and one engine was run up to different conditions while the other was held at idle. The rectangular array and intensity probe were used to acquire measurements at each location for four different conditions: idle, intermediate (80% throttle), military (full throttle), and afterburner. Multiple references explain the procedure and measurement apparatus. 9, 10 In this paper, the intensity measurements are used to explore some unexpected results found by other analysis methods in the peak-frequency region of the F-22 spectrum. 
SPECTRAL ANALYSIS
Using data from the array microphones and ground-based reference microphones, multiple analysis techniques have been used to examine the peak-frequency region (from about 100-325 Hz) of the F-22 spectrum. The spectrum recorded at the ground-based microphone locations was matched to two similarity spectra curves, which correspond to radiation from large and fine-scale turbulence structures. 11, 12 Currently, this generalized two-source representation is a prevalent model used in jet plume source characterization. Except at high frequencies, the similarity spectra curves follow the measured data well in the general frequency trend (from low frequency to several kHz).
The similarity curves, however, do not account for a double peak in the measured spectra. Recently, discrete frequency peaks were discovered, 4, 11 from what appear to be two mutually-incoherent sources which exhibit distinct directionalities. 13 As seen in Fig. 3 , the spectrum shifts from a maximum at about 250 Hz at 120° to 125 Hz at 140°, without a smooth transition between these frequencies. The discrete nature of the spectral maxima in the peak-frequency region when considering the different radiation directions suggest a shortcoming in the similarity spectra model in the peak-frequency region. Another way to visualize the spatial variation in frequency content is to examine spectral maps across the ground array. An example of such a map at military power is displayed in Fig. 4 and shows two distinct lobes -regions of high levels -centered at about 125 Hz and 400 Hz. Between about 8 m and 24 m downstream, these lobes dominate the radiation. In the middle region, between ~14-18 m, a single microphone receives the superposition of both spectral lobes, which causes a dual peak in the spectrum. Looking from upstream to downstream in this region, the spectral maximum shifts from one lobe to the other, as seen in Fig. 3 . Not only the ground microphone array, but data from the 90-microphone array also exhibits the dual spectral lobes. To investigate the nature of the two radiation lobes, the coherence between microphones in the ground-based array was analyzed in the peak-frequency region. Fig. 5 shows the results at 200 Hz. The spatial coherence has two lobes of high coherence (at Z = 9-16 m and past Z = 20 m) that correspond to the locations of highest recorded sound power at that frequency (see bottom SPL plot). The fact that there is low coherence between microphones in these two spatial regions, and in between them as well, indicates that the mechanisms responsible for the radiation at those locations are not coherent with each other. This is supported by previous near-field acoustical holography (NAH) results, which reconstructed orthogonal partial fields with distinct directionalities.
14 Because of the way the partial fields were chosen, this result also suggests two independent source mechanisms that have different directionalities and which radiate with discrete spectral maxima. The hypothesis is tested below in a series of intensity simulations. 
INTENSITY MEASUREMENTS
Acoustic intensity vectors were calculated in the usual way based on finite-difference techniques with cross-spectra from the four intensity probe microphones. 16 According to the tetrahedral probe geometry, the various cross-spectral components were weighted and summed to give intensity components along the three cardinal directions using the least-squares technique developed by Pascal and Li. 17 The resulting single-frequency intensity vectors are plotted, as in Fig. 6 , at the measurement locations along plane 2 (see Fig. 2 ) to give an indication of the flow of the sound near the F-22. For each frequency, a 3 dBdown region from the maximum intensity vector was identified. Intensity vectors from the 3 dB-down region were traced back to the jet center line as a method of approximating source location.
FIGURE 6.
Intensity results (blue arrows) at 800 Hz, including an example 3 dB-down region, shown as a circle on the second measurement plane. The intensity vectors are traced backwards to the jet centerline (red lines) to give an estimated source region at this frequency.
The approximate source regions obtained from the intensity vectors from measurement plane 2 confirm the general frequency trend expected of radiation from jet plumes. The generalized source region contracts and moves upstream with increasing frequency, as predicted by beamforming results from multiple studies. 1, 18 Figures 7(b) and 8(b) show the approximate source location regions for military and afterburner conditions, respectively. These approximate source regions show the same general trends as the spatial variation in the spectral maxima measured along plane 1 using the rectangular 90-microphone array (Figs. 7(a), 8(a) ). While results from the two engine conditions are similar, the source region above 200 Hz at afterburner remains broader and extends farther downstream than for military. regions within 3 dB of the spectral maximum, which is indicated as a white dot. At about 11 m downstream, the peak frequency jumps from 250 to 125 Hz. Left and right bounds in (b) describe the edges of the generalized source region estimated from tracing the intensity vectors within 3dB of the maximum; note how the source contracts and moves upstream rapidly after 200 Hz.
FIGURE 8. (a)
Height-averaged one-third-octave spectra as measured on the 90-microphone rig at 4.1 m from the shear layer (plane 1) and(b) generalized source location region vs frequency based on intensity results for afterburner engine conditions. As in Fig. 7 , error bars in (a) indicate regions within 3 dB of the spectral maximum, which is indicated as a white dot. At about 10.5 m downstream, the peak frequency jumps from 250 to 125 Hz. Left and right bounds in (b) describe the edges of the generalized source region; note how the source contracts and moves upstream rapidly after about 200 Hz. However, the source region remains broader and extends farther downstream than in Fig. 7(b) .
Figs. 9-11 show intensity measurements in the peak-frequency region. Between results from 136 Hz to 316 Hz, the maximum intensity region shifts from about Z = 20 m farther upstream to about Z = 10 m. Figs. 9 and 11 show radiation with intensity maxima centered on about Z = 20 and Z =10 m, respectively. In Fig. 10 , the radiation at 232 Hz produces two spatially distinct intensity maxima. The presence of these maxima can be predicted by close scrutiny of the dual spectral lobes in Fig. 4 . At 232 Hz both lobes are present with distinct spatial locations, while at 136 Hz or 316 Hz only one spectral lobe contributes primarily.
These intensity measurements point to the possibility of two distinct source mechanisms predominantly responsible for radiation in the peak-frequency region. Supposing the presence of these two sources, Figs. 9-11 can be interpreted in terms of the source contributions to overall radiation. Between 125 and 315 Hz, the dominating radiation shifts from one source to the other. At 136 Hz, radiation is dominated by one source which radiates at about 140 degrees (relative to the engine inlet). At 232 Hz, contributions from both sources can be seen. At 316 Hz, the second source dominates, radiating at about 120 degrees. 
INTENSITY SIMULATIONS
To test the hypothesis that the dual lobe could be created by two independently radiating (i.e., incoherent) sources, an equivalent source model involving two line arrays of closely-spaced monopoles has been created. The model is similar to one previously used, which was designed to match to SPL at the rig locations. 15 In this previous method, large and fine-scale radiation was modeled using two line arrays at the same locations along the jet axis, one correlated (thus, directional) and the other uncorrelated. In contrast, the current model seeks to simulate the frequency-dependent intensity patterns using two, self-coherent, mutually incoherent equivalent sources (without attempting to make connections to fine-scale or large-scale flow properties). In addition, the current model is designed to be operational over a range of frequencies, rather than requiring the development of a new model for each frequency. The predictions are matched to intensity measurements rather than SPL.
The features of the two sources, suggested by the aforementioned analysis techniques and intensity measurements, include variation in source locations, radiation directions, and spectra. Monopoles are placed 2 cm apart, starting at Z = 0 m (the engine nozzle) and ending at Z = 20 m. Gaussian noise from each monopole is time-delayed to steer each line array in a chosen direction. Each array is comprised of correlated monopoles, with the time delay between sources as stated, but the two arrays are mutually incoherent. As shown in Fig. 12(a) , the amplitude of the noise is spatially weighted according to a Rayleigh distribution, centered at a chosen location downstream. Each source distribution is given a spectral shape according to two Butterworth bandpass filters, as displayed in Fig. 12(b) . This source representation is intended to simulate some spectral overlap between the two sources, so that from 125 to 315 Hz the dominant radiation transitions from one source to the other, with contributions from both sources at intermediate frequencies. The lower and higher-frequency sources are centered at 10.5 and 5 m downstream, and steered with directionalities of 130 and 115 degrees, respectively. These parameters are chosen to correspond to the approximate source locations indicated by intensity ray-tracing and intensity vector directions from the 3 dB-down regions shown previously in Fig. 6 .
